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We have previously established, using human immunodeficiency virus type 1 (HIV-1) strain LA, that the
HIV-1 central DNA Flap acts as a cis determinant of viral genome nuclear import. Although the impact of the
DNA Flap on nuclear import has already found numerous independent confirmations in the context of
lentivirus vectors, it has been claimed that it may be nonessential for infectious virus strains LAIL, YU-2 (J. D.
Dvorin et al., J. Virol. 76:12087-12096, 2002), HXB2, and NL4-3 (A. Limon et al., J. Virol. 76:12078-12086,
2002). We conducted a detailed analysis of virus infectivity using the provirus clones provided by the authors
and analogous target cells. In contrast to published data, our results show that all cPPT mutant viruses exhibit
reduced infectivity corresponding to a nuclear import defect irrespective of the viral genetic background or

target cell.

The unique ability of human immunodeficiency virus type 1
(HIV-1) and other lentiviruses to replicate efficiently in non-
dividing cells implies the use of an active nuclear import strat-
egy allowing the DNA genome to cross the nuclear membrane
of an interphasic nucleus so as to gain access to, and integrate
into, the cellular chromatin. The mitosis-independent replica-
tion of lentiviruses was the key feature for the generation of
lentivirus-derived gene transfer vectors with promising thera-
peutic applications. Their capacity to transduce nonmitotic
cells overcame one major limitation of the applicability of
oncovirus-derived retrovirus vectors to gene therapy.

The search for the lentivirus determinants of mitosis-inde-
pendent replication has constituted an active but strongly con-
troversial field of investigation. An early premise, though un-
founded, was that replication of a nuclear import-defective
virus should be altered specifically in nondividing cells but not
in dividing cells, where mitosis was expected to provide an
alternative nuclear entry pathway for the HIV-1 preintegration
complex (PIC). Based on the search for putative nuclear lo-
calization signals (NLS) within HIV-1 proteins that could ac-
count for active nuclear import of the PIC, a complex model
involving several redundant factors has been drawn.

A first putative NLS was identified within the HIV-1 matrix
protein (MA) and proposed as the critical determinant for
viral genome nuclear import (8). However, the demonstration
that replication was not affected in nondividing cells with iden-
tical MA mutants cast doubt on these first findings (14). It was
then proposed that nuclear import was achieved by both MA
and Vpr in a redundant manner (20) and that mutation of only
one of the two determinants had no effect on HIV-1 genome
nuclear import. Since myristoylated MA protein is expected to
localize at the plasma membrane after fusion of the viral mem-
brane with target cells, it was claimed that phosphorylation of
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the MA C-terminal tyrosine residue (Y132) acted to release
from the plasma membrane a small fraction of the MA protein,
which subsequently would interact, by virtue of a novel pro-
tein-protein interaction, with a central domain of the HIV-1
integrase (IN), thus allowing the nuclear import of the HIV-1
PIC (16, 17). However, the implication of the MA C-terminal
tyrosine in the Vpr/MA model received no further confirma-
tion, and the HIV-1 MA Y132F mutant demonstrated wild-
type infection efficiency in nondividing primary macrophages
(15). HIV-1 IN was then proposed as a third determinant of
HIV-1 genome nuclear import (5, 18), and this time a replica-
tion defect was found in both dividing and nondividing cells
(5), but there was no consensus about the location of the
critical putative NLS. Again, these reports were subsequently
reassessed (12, 23, 29).

In parallel, we have previously shown that a three-stranded
DNA structure (called the central DNA Flap), present in the
exact center of the HIV-1 genome and synthesized as a result
of the presence of two central cis-acting sequences (the central
polypurine tract [cPPT] and the central termination sequence
[CTS]), acts as a cis determinant of HIV-1 nuclear import (35).
Mutation of the cPPT sequence within the LAI full-length viral
genome prevents central DNA Flap formation (10) and se-
verely disrupts viral infectivity in both dividing and nondividing
cells (35). The absence of the central DNA Flap results in a
near-10-fold reduction in nuclear import of viral DNA, ac-
counting entirely for the replication defect of cPPT mutant
viruses (35).

Accordingly, reinsertion of the cPPT and CTS cis-acting
sequences within HIV-1-derived vectors significantly stimu-
lates vector genome nuclear import and gene transfer efficien-
cies in all tissues and cell types, whether dividing or not, stud-
ied in our laboratory (19, 31, 36) and in independent studies
(24, 6, 10, 11, 13, 25, 26, 28, 30, 32, 33). As a natural conse-
quence, the central DNA Flap is today a common component
of almost all lentivirus gene transfer vectors.

It has been suggested that the role of the central DNA Flap,
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FIG. 1. One-round titration assay of wild-type HIV-1 and cPPT mutants in dividing or nondividing P4-CCRS indicator cells. (A to D) P4-CCR5
indicator cells were infected in triplicate with 20, 10, 5, or 2.5 ng of p24 antigen/ml (three times more for HXB2) from wild-type or cPPT mutant
HIV-1 LAI (A), YU-2 (B), HXB2 (C), or NL4-3 (D). (E) Cell cycle arrest was induced by aphidicolin treatment (8 wM) from the day prior to
infection, and nondividing P4-CCRS5 cells were infected in triplicate with 20 ng of p24 antigen/ml from wild-type or cPPT mutant HIV-1 LAIL YU-2,
HXB?2, or NL4-3. B-Galactosidase activity was measured 48 h postinfection and was expressed as mean relative light units (RLU)/s (A to D) or
RLU/s/ng of p24 (E) = standard deviation. Data shown are representative of three independent experiments.

while beneficial in the context of HIV-1-derived vectors, could
be nonessential for viral replication in the context of full-length
infectious viral genomes (12, 24). In order to verify these data,
we conducted a detailed analysis of virus infectivity using the
molecular proviral clones provided by the authors and the
same target cell types. Here we show that the LAI, YU-2,
HXB2 and NLA4-3 viruses all have severe defects in infectivity
and nuclear import in the absence of the central DNA Flap in
all cell types studied, indicating that the role of the central

DNA Flap within the context of replicative viruses is not strain
or cell type dependent.

One-cycle titrations in P4-CCRS5 indicator cells. Viruses
were produced by transient transfection of HeLa cells using
calcium phosphate coprecipitation with the proviral plasmid.
Wild-type and cPPT mutant proviral plasmids NL4-3 and
HXB2 were provided by A. Engelman, YU-2 and LAI by M. H.
Malim. The introduction of the cPPT mutations into the LAI
backbone has been described previously (35). The same cPPT
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FIG. 2. Replication kinetics of wild-type HIV-1 and cPPT mutants in MT4-CCRS lymphocytes. MT4-CCRS cells were infected with 0.5 or 5
ng of p24 antigen/ml (left and right panels, respectively) from wild-type or cPPT mutant HIV-1 LAI (A), YU-2 (B), HXB2 (C), or NL4-3 (D).
Reverse transcriptase (RT) activity was measured on culture supernatants collected at regular time points over 16 days postinfection and is
expressed in counts per minute per microliter. Results are representative of two independent experiments.
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mutations were introduced into the YU-2 backbone by M. H.
Malim (12) and into the NL4-3 and HXB2 backbones by A.
Engelman (24). As a control for NL4-3, a wild-type strain
provided by M.A. Martin was also included (1).

Virus infectivity was first assessed by titrations based on a
single round of replication using our P4-CCRS indicator cells,
which are HeLa CD4" CXCR4" CCR5™" cells carrying the
LacZ gene under the control of the HIV-1 long terminal re-
peat (LTR) promoter (9). Infection was carried out in tripli-
cate in 96-well plates with 20, 10, 5, or 2.5 ng of p24 antigen/ml
(three times more for HXB2) for 20,000 cells in 100 pl, and
B-galactosidase activity was measured 48 h after infection by
using a chemiluminescent B-galactosidase reporter gene assay
(Roche Diagnostics). We found that cPPT mutants of strains
LAIL YU-2, and HXB2 all had severe defects in infectivity
relative to the wild-type controls (Fig. 1A, B, and C), as pre-
viously published by ourselves for LAI (35) and indeed by
Limon et al. for HXB2 (24). In the case of the NL4-3 molec-
ular clone provided by A. Engelman, we found, as did Limon
et al. (24), that the wild-type virus exhibited an unaccountable
replication defect, which resulted in replication levels consis-
tently inferior to those of the corresponding cPPT mutant, a
result of poor virological significance (Fig. 1D). It is very prob-
able that this plasmid has an unexpected defect. Indeed, the
use of the original NL4-3 wild-type proviral clone provided by
M. A. Martin (1) indicated high infectivity, significantly above
that of the corresponding cPPT mutant (Fig. 1D).

As previously shown for viral strain LAI (35), all cPPT mu-
tants also demonstrated reduced infectivity in aphidicolin-
treated nondividing P4 cells (Fig. 1E), indicating that central
DNA Flap-defective viruses have a defect in infectivity in both
dividing and nondividing cells, irrespective of the viral strain
studied.

Viral replication kinetics in MT4-CCRS cells and PBLs. The
infectivity of LAI, YU-2, HXB2, and NL4-3 was also evaluated
in kinetic replication experiments in cell cultures as in the work
of Dvorin et al. and Limon et al. (12, 24). MT4-CCRS cells are
human T-lymphotropic virus type 1-transformed human CD4™*
T cells that stably express CCRS and allow acute cytopathic
HIV-1 infection. Peripheral blood lymphocytes (PBLs) were
obtained from healthy donors, stimulated with phytohemag-
glutinin (5 pg/ml; Sigma), and maintained in the presence of
interleukin-2 (20 U/ml; Sigma). MT4-CCRS cells and PBLs
were infected with 0.5 or 5 ng of p24 antigen/ml for 50,000 cells
in 200 pl. Culture supernatants were collected at regular time
points over 16 days and tested for reverse transcriptase activity.
Results showed that while wild-type viruses of all four strains
were able to establish productive infections, all cPPT mutant
viruses exhibited a strong replication defect at both high and
low multiplicities of infection in MT4-CCRS cells, with a sig-
nificant delay in peak replication compared with wild-type vi-
ruses and/or decreased viral production (Fig. 2). This viral-
replication-defective phenotype was even starker for PBLs,
where LAI YU-2, and HXB2 cPPT mutants exhibited an al-
most complete loss of infectivity (Fig. 3).

Assessment of HIV-1 nuclear import by quantitative PCR on
unintegrated 2-LTR circles. We previously showed that the
central DNA Flap is a cis-acting determinant of nuclear import
in the context of the viral strain LAI (35). Having here deter-
mined that all four cPPT mutant viruses examined exhibit an
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important replication defect in three distinct cell types, we
undertook to ascertain whether they also demonstrate a nu-
clear import defect. For this purpose, we used quantitative
PCR amplification of unintegrated 2-LTR circles as an indica-
tor of HIV-1 genome nuclear import.

MT4-CCRS cells were infected with equal amounts of par-
ticles for wild-type and cPPT mutant viruses of each strain.
Infection was carried out with 1,000 ng of p24 antigen/ml for
strains LAI and HXB2, 300 ng/ml for NL4-3, and 100 ng/ml for
YU-2, for 20 X 10° cells in 2 ml (LAI and HXB2) or 6 ml
(NL4-3 and YU-2). Two hours after infection, cells were di-
luted in fresh medium to a final concentration of 1 X 10°
cells/ml. To limit analysis to a single cycle of replication, the
protease inhibitor saquinavir was added to a final concentra-
tion of 1 wM. For each viral strain, a control of infected cells
cultured in the presence of 5 uM nevirapine, a nonnucleoside
reverse transcriptase inhibitor, was included. Fixed-volume
samples were collected at given time points postinfection (0, 6,
12, 24, and 48 h). In order to eliminate residual proviral plas-
mid from transfection, cell pellets were treated with 1,000 U of
DNase I (Invitrogen) for 1 h at room temperature (7).

Total-cell DNA was extracted, and the copy numbers of
2-LTR circles and of total HIV-1 DNA (pol gene) were deter-
mined by real-time PCR using a LightCycler instrument
(Roche Diagnostics) with the primers and probe sequences, as
well as the PCR cycle conditions, previously described for
2-LTR junctions (7) and pol (27). Briefly, 1/50 (pol) or 1/10
(2-LTR) of total-cell DNA was used for real-time PCR carried
out in triplicate for each reaction in a 20-wl mixture containing
1x LightCycler FastStart DNA master hybridization probes
(Roche Diagnostics), 4 mM MgCl,, 300 nM each primer, and
200 nM each probe. Results were normalized to cell number
based on the amplification of the CD3 gene as previously
described (21).

The detection of total HIV-1 DNA revealed a peak in total
DNA synthesis at 6 to 12 h postinfection (Fig. 4A to D, right
panels). Amplification of the 2-LTR junction indicated a peak
in copy number at 24 h postinfection for all wild-type viruses
(Fig. 4A to D, left panels). In the case of cPPT mutant viruses,
however, only very small numbers of 2-LTR copies per cell
were detected at any time point postinfection, irrespective of
the viral strain, thus indicating a severe defect in the nuclear
import of HIV-1 in the absence of the central DNA Flap. The
2-LTR/pol copy number ratios (Fig. 4E), calculated by dividing
the peak of 2-LTR copy number (24 h postinfection) by the
peak of total viral DNA (6 or 12 h postinfection), revealed 6.9-,
6.8-, 4.7-, and 6.1-fold decreases in 2-LTR formation for cPPT
mutants of LAI, YU-2, HXB2, and NL4-3, respectively, com-
pared to their wild-type counterparts. Taken together, these
results demonstrate that the defect in viral replication exhib-
ited by cPPT mutant LAI, YU-2, HXB2, and NL4-3 viruses is
accounted for by a strong defect in nuclear import, as previ-
ously shown for LAI (35). The divergent results obtained pre-
viously (12, 24) cannot be explained by variations in experi-
mental conditions, since we used the same viral molecular
clones and the same cells (MT4, PBMC) as in these studies.
We note that both reports (12, 24), although claiming a wild-
type phenotype for all cPPT mutants, do paradoxically show
defects in viral replication and nuclear import in the cases of
HXB2, NL4-3 (24), and YU-2 (12), indicating that the conclu-
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FIG. 3. Replication kinetics of wild-type HIV-1 and cPPT mutants in PBLs. PBLs were infected with 0.5 or 5 ng of p24 antigen/ml (left and
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FIG. 4. Quantitative PCR analysis of 2-LTR circle formation and total HIV-1 DNA copy number following infection of MT4-CCRS5 cells with
wild-type HIV-1 or cPPT mutants. (A to D) MT4-CCRS cells were infected with wild-type or cPPT mutant LAI (A), YU-2 (B), HXB2 (C), or NL4-3
(D), and total DNA was extracted at 0, 6, 12, 24, and 48 h postinfection. Quantification of 2-LTR circles (A to D, left panels) and total HIV-1 DNA (A to
D, right panels) was performed by real-time PCR at each time point. Cells infected with wild-type viruses in the presence of nevirapine (+Nev) served as controls.
Results are means of triplicate (2-LTR) and duplicate (pol) determinations *+ standard deviations. (E) Graphs show the ratio of the copy number of 2-LTR
circles to that of total HIV-1 DNA for each virus. The ratio was calculated by dividing the peak of the 2-LTR copy number by the peak of total viral DNA.
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sions drawn by these two reports do not match the primary
data shown.

Our results show an important replication defect for LAI,
YU-2, HXB2, and NL4-3 cPPT mutants in three different cell
types, in both one-cycle titration assays and spreading infection
in cell cultures, indicating that the nuclear import defect of
HIV-1 DNA Flap mutants is not dependent on the viral strain
or the target cell type. Of note, and as previously reported (35),
mutations in the central DNA Flap do not lead to totally
noninfectious viruses. Low infectivity is probably accounted for
by a Flap-independent nuclear import mechanism that must be
further investigated.

Most reports on HIV-1 nuclear import involving MA/Vpr
or, more recently, CA (34) are based on the hypothesis that a
nuclear import defect would manifest itself exclusively in non-
dividing cells, with a wild-type phenotype in dividing cells.
However, experimental data directly addressing the notion that
mitosis would provide an alternative pathway for lentivirus
genome nuclear import are still lacking. Other reports indicate
that an HIV-1 nuclear import defect phenotype can be seen in
both dividing and nondividing cells (2, 5, 35) and that HIV-1
can undergo mitosis-independent nuclear import in cycling
cells (22). Thus, a central question remaining to be addressed
relates to the interplay between lentivirus genome nuclear
import and the cell cycle.

Given the presence of DNA Flap sequences in all lentivi-
ruses sequenced, we propose that the central DNA Flap-me-
diated nuclear import mechanism, like the capacity to replicate
in nondividing cells, is a common feature of all lentiviruses.
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